We construct a family of simple gauge models in which three sterile neutrinos become naturally light by virtue of a generalized seesaw mechanism involving a chiral gauge symmetry.
Introduction
Over the past few years, solar [1] , atmospheric [2] , reactor [3] , and accelerator [4] neutrino experiments have remarkably improved our knowledge of the neutrino mass and mixing parameters. Specifically, solar and atmospheric neutrino data are now excellently understood within a three-neutrino oscillation scheme, where the neutrino mass squared splittings are respectively ∆m 2 ⊙ ≃ 7.5×10 −5 eV 2 and ∆m 2 atm ≃ 2.0×10 −3 eV 2 [5] . However, the evidence for ν µ −ν e oscillations found by the Liquid Scintillator Neutrino Detector (LSND) experiment at Los Alamos [6] , which will soon be tested by the ongoing MiniBooNE experiment at Fermilab [7] , would demand a third mass squared difference ∆m 2 LSND 10 −1 eV 2 , which cannot be accomodated in a three-neutrino oscillation scenario. The LSND anomaly indicates instead the presence of n ≥ 1 additional neutrinos with masses of order ∼ 1 eV, which give rise to a (3+n) neutrino oscillation scheme providing additional mass squared splittings. This new species of neutrinos cannot couple to the Z boson, and hence must be sterile with respect to weak interactions. Although a (3+1) neutrino mass scheme [8, 9] seems now to be almost ruled out [10] , a combined fit of the short-baseline experiments Bugey [11] , CCFR [12] , CDHS [13] , CHOOZ [14] , KARMEN [15] , and LSND shows, that the LSND signal can become compatible with the other neutrino oscillation data sets with two (or more) light sterile neutrinos in a (3+2) neutrino mass scheme [16] .
In models for (3+2) neutrino oscillations [17, 18] , it is important to provide a rationale for the smallness of sterile neutrino masses, since the usual seesaw mechanism [19] does not explain why a sterile neutrino ν ′ would be light. Actually, if the effective low-energy theory is the Standard Model (SM), then there is no reason why ν ′ would not aquire a mass of the order of some high cutoff scale Λ ≃ 10 13 − 10 19 GeV. Indeed, there exists a number of suggestions to realize light sterile neutrinos [20, 21, 17, 18] . By copying the criteria which make the seesaw mechanism successful to the sterile sector, we have constructed in Ref. [17] the simplest anomaly-free chiral gauge theory which naturally leads to the (3+2) neutrino oscillation scheme. The sterile sector of this model consists of an SU(2) ′ gauge group with the ν ′ transforming as a spin 3/2 multiplet where symmetry breaking is achieved by a single spin 3/2 Higgs field. In this paper, we wish to generalize this idea to a larger class of chiral gauge symmetries in order to arrive at models for (3 + n) neutrino oscillations in which n sterile neutrinos are light.
Our basic approach is here to extend the gauge group of the Standard Model (SM) Notice that in the special case when G ′ becomes a copy of G SM , we arrive at the wellstudied scenario for "mirror" neutrinos [21] . Here, however, we are interested in a chain of models where G ′ = SU(N) ′ , starting with fermionic fields in the following class:
This describes an SU(N) ′ gauge theory with one fermion multiplet in the antisymmetric second rank tensor representation and N −4 fermions in the antifundamental representation.
For N ≥ 5, this class of gauge theories is known to be chiral and anomaly-free and has been analyzed extensively in the context of dynamical supersymmetry breaking [22, 23] . We will also study, albeit in less detail, the chain of anomaly-free chiral gauge theories arising from fermionic fields transforming under SU(N) ′ as
Here, one fermion multiplet transforms under the symmetric second rank tensor representation of SU(N) ′ and N + 4 fermionic fields transform under the antifundamental representation. For N ≤ 4, this also gives anomaly-free gauge theories which may, however, be vectorlike. This is indeed the case for N = 2, for which the SU(2) ′ spin 1 representation is vectorial. The simplest such theory is if N = 3, which we analyze in some detail.
Starting from the types of gauge theories given in Eq. (1) (and Eq. (2)), we can easily construct for N ≥ 5 (and N = 3) various new anomaly-free chiral models by simply decomposing the chiral multiplets into irreducible representations of the subgroups of SU(N) ′ .
Thus we are able to generate a whole family of chiral gauge models for light sterile neutrinos.
We will also see that many of these models can be embedded into a unified theory based on
The rest of the paper is organized as follows. In Sec. 2, we construct gauge models based on the sterile gauge symmetry SU(5) ′ as well as its various descendants. In Sec. 3, we present a fully unified model based on SO(10) × SO(10) ′ . In Sec. 4, we describe other models arising from SU (7) ′ as well as SU (3) ′ with a symmetric tensor representation. Finally, in Sec. 5, we
give a summary of our main results and list ways of testing these models.
model and its descendants
In this section, we present the simplest chiral gauge models obtained from the chain shown in Eq. (1). These models are based on an SU(5) ′ "sterile" gauge symmetry or one of its descendants. The different patterns of symmetry breaking considered in this section are summarized in Fig. 1 .
SU (5) ′ model
The simplest anomaly-free chiral SU(N) ′ gauge theory which admits fermion representations in the chain of Eq. (1) is SU(5) ′ . As a simple extension of the SM to an anomaly-free chiral gauge theory, we will therefore consider the gauge group G SM × SU(5) ′ with n copies (or "generations") of SM singlet fermions which transform under
where i = 1, . . . , n is the generation index of the SM singlet fermions. This is, e.g., immediately seen in the unitary gauge, where S can always be written as
Since we impose minimality of the Higgs sector, SU(4) ′ will remain unbroken.
The most general renormalizable Lagrangian relevant for neutrino masses in this model is given by
where i, j = 1, 2, 3 and k, l = 1, . . . , 6. In Eq. (4) (5), we hence obtain a (3+3) scheme for sterile neutrino oscillations.
"Flipped" SU (5) ′ model
Let us now consider a variation of the model in Sec. 2.1 where only the Higgs content in the sterile sector is modified. As gauge group we therefore have again 
where i, j = 1, 2, 3 and k, l = 1, . . . , 6. In Eq. (6), the coefficients a ik , b ik , and c ij denote complex order one Yukawa couplings and M kl the cutoff scale. For a range of parameters, S will aquire a VEV of the skew-symmetric form S ∼ diag(0, 0, 0, 1 ⊗ iσ 2 ), thereby breaking
. This model resembles the flipped SU(5) model for the SM sector [25] , and hence we use the terminology "flipped" SU(5) ′ model. Under
If we define, like in the usual SU(5) model, the components (
(6) will finally generate a mass term of
, where f ij = −f ji due to Fermi statistics. Since the matrix f ij has rank two, this interaction will give masses ∼ O(TeV) to four out of six states in the multiplets
T which consequently decouple from the theory. Only one linear combination of e 
Sp(4) ′ model
Let us now suppose the same gauge group and particle content as in the "flipped" SU ( 
This VEV breaks SU(5) ′ → Sp(4) ′ ∼ SO(5) [24] such that the representations in Eq. (3) decompose under SU(5) we thus obtain for this model in the language of the unbroken G SM × Sp(4) ′ subgroup the renormalizable Lagrangian for neutrino masses 
T , we see that the third term in Eq. (9) will generate a mass term of the form ∼ c ij (ψ
, where c ij = −c ji due to Fermi statistics. Since the matrix c ij has rank two, this term will give masses to eight out of twelve components in the representations (1, 4) i , which then decouple. Moreover, we can assume that after spontaneous symmetry breaking (SSB) the G SM × Sp(4) ′ representations (1, 5) H and (1, 4) H aquire masses ∼ O(TeV) and thus also decouple from the theory. As a consequence, the one-loop beta function coefficient of Sp (4) ′ is given by
Therefore, Sp(4) ′ is asymptotically free and the three fundamental and four spinor representations of Sp(4) ′ , which do not aquire masses from SSB, decouple through confinement.
Hence, after integrating out the heavy states ν c k , the effective Lagrangain for neutrino masses becomes similar to the Lagrangian in Eq. (5) with (1, 5) H replaced by (1, 1) H and (1, 5)
We are thus left with one light sterile neutrino per generation, which mixes with the active neutrinos, thereby leading in total to a (3+3) neutrino oscillation scheme. Note that one linear combination of (1, 1)
i from (1, 5) i will also remain light since c ij has rank two, but this state has zero mixing with the other light neutrinos.
SU (4)
where in the parenthesis (1, x y ), the subscript y denotes the U(1) ′ charge of the states in sterile neutrino masses, we add to the SM scalar sector a single Higgs field S which transforms
The most general renormalizable Lagrangian for neutrino masses then reads
where i, j = 1, 2, 3 and k, l = 1, . . . , 6. In Eq. It is instructive to examine the effect of the condensates on the U(1) ′ symmetry breaking. Although S is an SU(4) ′ singlet, we expect U(1) ′ to be broken below the confining scale through loop corrections to the scalar potential. In the presence of the condensate
, where Λ SU (4) denotes the confining scale of SU (4) ′ , the scalar potential V (S) of S reads
where λ is an order one coupling related to c ij and d ij in Eq. (11), λ ′ is an order one quartic coupling and the first term is induced by the tadpole diagram shown in Fig. 2 . Minimization 3 Note that the singlet in the SU (4) ′ tensor product 6 × 6 is in the symmetric representation.
of V (S) leads to S ≃ λΛ
. For S ≃ 10 3 GeV and a typical confining scale Λ SU (4) ≃ 10 3 GeV, we hence obtain for the mass M ≃ 10 GeV. Therefore, even if M 2 > 0, the U(1) ′ symmetry may be spontaneously broken by tadpole terms.
G
The chiral and anomaly-free (5) ′ as in Ref. [21] . Such a model has already been developed, and we have nothing new to add to this case.
3 SO(10) × SO (10) ′ model
In the models presented above, we have always treated the right-handed neutrinos ν c k , necessary for the sterile neutrino seesaw mechanism, as total gauge singlets of the gauge group
We will now slightly deviate from our general discussion of the SU(N) chains and consider instead the attractive possibility of unifying all particles, including the right handed neutrinos, into an SO(10) × SO(10) ′ product gauge group. Here, we assume that the SM is embedded into the first group, i.e., SO(10) ⊃ G SM . As the fermionic particle content of this model we choose the SO(10) × SO(10) ′ representations in a symmetrical way as
where i = 1, 2, 3. Like the usual SO(10) models, this gauge theory is chiral and anomaly free.
Since all right-handed neutrinos have now been unified into the SO(10) multiplets, we require for the generation of light active and sterile neutrino masses that the Higgs sector contains two scalars S 1 ∼ (16 * , 1) H and S 2 ∼ (1, 16 * ) H . These scalars can generate at the nonrenomalizable level Planck-scale suppressed effective operators M −1
H which can supply large Majorana masses of order ∼ 10 14 GeV to the right-handed neutrinos. Similarly, a non-renormalizable operator M −1 is generated, which transforms as a bispinor under SO(10) × SO (10) ′ and appears (with repsect to the Yukawa sector) as an effective scalar linking the two SO(10) gauge groups.
The representation content giving rise to neutrino masses can then be summarized in a "moose" [28] or "quiver" [29] notation in Fig. 3 . Under SO(10) ⊃ SU(5) × U(1) and
Here, the scalars S 1 and S 2 decompose according to the conjugate of the first and the second branching rule, respectively. To generate Dirac masses in both sectors, we assume two fun- 
In Eq. (14) 
where the coefficients a ij , a 4 Other models
and its descendants
In this section, we examine chiral gauge models, where the chain in Eq. (1) provides three "generations" of antifundamental representations. The sterile gauge symmetry of these models is SU(7) ′ , for which we consider different symmetry breakings as summarized in Fig. 4 . (7) ′ , which we identify with three sterile fermion generations. As the gauge group of this model we therefore have G SM × SU (7) ′ with SM singlet fermions transforming as
where i = 1, 2, 3 is the generation index of the fermions in the antifundamental represenatation SU (7) ′ . Like in the other models discussed above, we assume in addition to the fermions in Eq. (17) six right-handed neutrinos ν c k (k = 1, . . . , 6) which carry zero G SM ×SU(7) ′ quantum numbers. To break the SU(7) ′ symmetry, we suppose a single Higgs representation S which transforms as S ∼ (1, 7) H under G SM × SU(7) ′ and aquires its VEV at the TeV scale,
i.e., S ≃ O(TeV). The Lagrangian for neutrino masses of this model reads
where i, j = 1, 2, 3 and k, l = 1, . . . , 6. In Eq. (18), the coefficients a ik , b ik and c i denote complex ∼ O(1) Yukawa couplings and M kl ≃ O(Λ). When S aquires its VEV, SU (7) ′ is broken SU(7) ′ → SU(6) ′ . For SU(7) ′ ⊃ SU(6) ′ , the representations in Eq. 
where the scalar (1, 7) H decomposes according to the second equation with "i" replaced by "H". After SSB, the interaction ∼ c i S * (1, 21)(1, 7) i in Eq. (18) generates masses ∼ O(TeV) models can find application as candidates for warm dark matter, which could also provide an understanding of the observed anomalously large radio pulsar velocities exceeding ∼ 500km/s ("pulsar kicks") [30] . There is yet another possible application. With the recent revision in the value of the Boron production rate S 17 (O), the total solar neutrino flux observed by the SNO experiment seems to indicate a deficit of active neutrinos by ∼ 12%. This deficit may be understood via a small admixture of light sterile neutrinos [31] which would be easily provided by our models.
The class of models we have constructed has a natural embedding in an SO (10) The most direct test of our models will be a confirmation of the LSND oscillation data by the ongoing MiniBooNE experiment. Reactor neutrino disappearance experiments, as well as neutrinoless double beta decay experiments should be sensitive to the existence of sterile neutrinos [17] . It should be noted that the standard big bang nucleosynthesis [32] will be affected by the presence of ν ′ , however, there are ways around it, such as by assuming primordial lepton asymmetry [33] or with low reheating temperature [34] . The bound on neutrino masses from recent cosmological data [35] may also be alleviated by such a lepton asymmetry [36] . Although the scale of new physics is of order TeV in our models, testing them at colliders will be challenging, since the extended gauge sector has no direct couplings to the SM sector. One epossible signature is the invisible decay of the SM Higgs boson H, as its mixing with the Higgs field S used for sterile gauge symmetry breaking can be substantial. Invisible decays such as H −→ W ′ W ′ can then occur, with W ′ , the gauge bosons of the sterile gauge symmetry, decaying into sterile fermions.
